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ABSTRACT

On the basis of the results of electrolytic and chemical oxidation
experiments with chlorate solutions a mechanism was postulated for the
electrolytic oxidation of chlorate to perchlorate at a platinum anode,

It was proposed that platinum(VI) oxide forms at the anode .surface under
the conditions favorable for chlorate oxidation and that an intermediate
species is formed between the oxide and chlorate ions., The intermediate
species then decomposes into platinum(IV) oxide and perchlorate ions,

Mechanisms proposed by earlier observers were discussed with reference to

their failure to explain satisfactorily the experimental results,
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INTRODUCTION

Electrolytic Preparation of Perchlorates,

Perchlorate was first produced electrolytically by Stadion in
18161. and shortly afterwards the same investigator discovered perchloric
acid by allowing sodium chlorate to react wittf concentrated sulfuric
acid, The firet important paper appeared in 1898, in which !'oerltora
outlined a set of conditions for obtaining high current yields of per-
chlorate, Many papers have since appeared in which improvements have been
made in the technical aspects of the process. Important considerations

and present practice may be summariszed as follows with respect to the

important variables:

Electrolyte,

Current yields of perchlorate increase with increased chlorate con-
cgntut1on,a'3 The efficiency remains at a high level until a major part
of the chlorate has been oxidised, then falls off rapidly. It has deen
proved denira.bio to keep the hydroxyl ion conmcentration low to minimise
current losses that would attend the discharge of hydroxyl, chloride, and
hypochlorite 1on..)* The trend in commercial perchlorate production is
toward the use of more concentrated sodium chlorate solutions (5.6 M)

which are slightly acid. Apparently only the Cardox Oorporation process

lm.md to by P, Vinteler, Z. Blektroches., 5, 49 (1898).
2!.' Foerster, Z, Blektrochem,, 4, 386 (1898).

3!. vlintolor. Z. Blektrochem,, 5, 217 (1898). '

". V. 8. Xnidbs and H. Palfreesan, Trans. Faraday Soc., 16, ho2 (1920).




BRI | e

employs a slightly alkaline oloctro].yto.5
Influence of electrolyte additives,

Current efficiency in the oxidation of chlorate with a lead 4di-
oxide anode was increased from l&lﬁ to 708 by the addition of sodium
fluoride to the olectralyte.s' This result was attridbuted to the fact
that the addition of fluoride increased the already high oxygen overvol-
tage of the lead dioxide anode, The presence of phosphoric acid in the
electrolyte reduced perchlorate yields at a platinum anode, Perchlorate
formation actually ceased when only a small amount of chlorafte was pre- i
sent, Under constant conditions (current density and temperature) a nearly
straight line relation was found between the remaining chlorate and the
phosphate preuont.7 The most important additives used in modern perchlorate
cells are soluble chromates. It 1s claimed that chromates increase per-

chlorate yields by forming protective films on the cathode thereby preventing

B I3+ P S iy O F5ee i AT SO MaST a0

cathodic reduction of chlorate to chl.ori.de.8
Temperature.

Lower temperatures favor perchlorate formation, Above 60 degrees O,
current yields are 1012'3 and at 80-.100 degrees O, there is no perchlorate
fomtion.3'9 At low current densities (e.g., 10 amps per d.n?). the current

efficiency is maricedly reduced by increasing temperature, dut this effect

Srechnical Report to the Office of Naval Research, Oontract Nomr-372(00),
The Pennsylvania Salt Mfg. Oo., August 31, 1951,

6!. Kitahars and T. Okauga, J. Blectrochem, Assoc, (Japam) 10, 409 (1942)

73. A, Miro', 0, J. Garcia, and M, O, Servert, Ansles real. soc, espan, fis.
¥ quim, 478, 17 (2952).

8. 0. Schumacher, Trans, Zlectrochem. Soc. 92, 45 (1947). (review)

9. Oechsli, Z, Elektrochem. 9, 807 (1903).
2




is much less noticeable at higher current densities (e.g. 15 amps per dlg).m
At even higher current densities such as 45 to 50 amperes per dn?' no adverse
effect on current efficiency was oburndn. up to 60 degrees C. Because of
better power ylields, present practice is to use temperatures in the range
4055 degrees even though slightly higher current yields could be obtained
at a lower tuperature.s
Agitation,

Adequate agitation is necessary for high perchlorate yields. Spe-

cial cells have been designed to improve a.gita.tion.5

Current density.

Current yields of perchlorate arc highest at high current donlitin.h'g'n

The actual current density used in commercial operation varies consideradly;
however, perchlorate cells in the United States operate with a current den.
sity of over 30 amperes per dng
Anode materials,

Swooth platinum anodes give the highest current yields of perchlorate,.
Thus, smooth platinum is used as the anode material in most perchlorate cells.
Lead dioxide anodes can also de used for perchlorate production, however,
the yield 1s not as high as with smooth platinum.}2 On the other hand, plati-
nised platinum is unsuitadle because it gives low current ylelds of per-
chlorate.’ _

Becavse of the high initial cost of platinum and the fact that it
corrodes slightly, an extensive search is being made for a suitable subdsti-

tute for platinum. All of the common and many of the more rare metals,

10p, Blau and R, Weingana, Z. Elektroches. 27, 1 {1321).
1,

120, Angel and EH, Mellquist, Z. n.:;mchu.. 4o, 702 (1934).

G. Williams, Trans. Paraday Soc., 15, 134 (1920).
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except those of the platinum group, were found to corrode very rapidly

vhen used as anodes in a sodium chlorate olot.ztwlyto.13 Other anode ma~
terials, while having suitable physical properties, were unsuitable be-
cause of the low or negligidle perchlorate yield obtained under the most

favorable circumstances e.g. tungltonm. nolybdonulm. artificial u@otitou

graghitel®+16, palladiunll, tantalunl7, stainless steell’, Hastelloys®l,

17 17, 18
Nicrome-V" ', and manganese dioxide N

Chemical Synthesis of Perchlorate
Essentially three types of chemical reactions lead to the produc-

tion of Perchlorate: .(1) thermal auto-oxidation of chlorates, (2) decon-
position of chlorates by strong acids, and (3) direct chemical oxidation.
Considerations applying to those processes are of some interest in cdénnec-
tion with the mechanism of anodic oxidation.
Thermal auto.oxidation, .

Potassium chlorate, as well as other alkall chlorates, undergoes

auto-oxidation when heated to just above its melting point, according to

135, 0. Howard, Trans. Am, Bloctrochem. Soc., 43, 51 (1923).
45, Angel, Z. Blextroches., %0, 641 (1934).
15v, Sikvonen, Suomen Kemistilehvi, 10B, 27 (1937).

15]. 0. Schock and R, H, Pritchett, U, 8, Patent 1,279,593 (Sept. 24, 1918),
report that carbon preferadly impregnated with moltem paraffin, ceresin,
or osakerite when used in a diaphrags cell gives a current efficiency of
at least 50§ for perchlorate formation.

173, W, Hackett and M. A, Fineman, Dept. of Chemistry, Providence College

Technical Report to the Office of Naval Research, Contract Nonr.1213(00),
December 31, 1953.

18pgrchlorate was produced only when the manganese dioxide was plated on
platinum,
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the equation

4 xo103-> 3 KC10y + KC1
In addition, & decomposition reaction, having no euonttai connection with
the auto-oxidation reaction, takes place according to the oqutionlg'ao

2 KC103~% 2 X01 + 3 0,
Several oxides, such as silver(I) oxide, lead(IV) oxide and barium peroxide
have been reported to serve as catalysts for the auto-oxidation rea.ction.al
However, there is more recent evidence that tends to disprove the earlier
observations; there is no proved catalytic agent for the auto-oxidation
react 1on22 23 .

Nothing is kmown to inhibit the oxygen producing rcactionau. but
many substances, such as bases, manganese(IV) oxide and copper(II) oxide
are known to catalyse this reaction.

Under ideal conditions as much as 90 percent of the theoretical
yield of potassium perchlorate may de obtuinodas-

Decomposition of chlorates with strong acids,

Chlorates are decomposed by strong concentrated acids, such as sul-
furic, nitric, phosphoric and chromic acid, according to the equation

2 HR + 3 MCLO; = MClOy+ 2 010, + 2 MR + HJ0

19, H. Sodeau, J. Chem. Soc., 81, 1066 (1902).
205, Scobal, Z.  physik. chem., M4, 319 (1903).
« Jo Towler and J, Grant, J. Chem. Soc., 57, 272 (1890).

23W, Farmer and J, B, Pirth, J. Ohen. Soc., 125, 82 (192k4)
¥. D. Bancroft and J. B, Magoffin, J. Franklin Inst. 224, 298 (1937).
257, Meyer, German Pat. 300,713 (Aug. 30, 1919).

L. = er e m— -

» C. Mathers and J, W, B, Aldred, Trans. Am. Blectrochem, 8oc., 42, 285 (1922).




where M is the metal and R is the acid radical, Yields of perchlorate
range from 10-30% of the theoretical valus, Acids which yield no perchlorate
; are formic, trichloroacetic, hydrofluoric, hydrochloris, chloric, peroxydi-
sulfuric, permanganic (20%) arsenic (508), acetis (glacial), monochloro- :
acetic, oxalic (saturated solution), tartaric (25%) and lactic acid (25’)26.
Direct chemical cxidation,

— e T

The literature pertaining to the direct chemical oxidation of chlorate “
\ to perchlorate is fragmentary and at times contradictory. It has been deo-

sonstrated that such strong oxidising agents &8 oxygen exposed to ultr’s violet 11¢ht27.§

! 0“”27.28' 30 percent hydrogen poroxidoa7. potassium pcmuncmtoa7. and |
: [ sodiun poroxidoa7 40 not lead to the forsation of appreciable amouats (> 2%) i
i of perchlorate., It is generally considered that peroxydisulfate without a i
! ' catalyst yields no porchloutozs'm. 0f all the oxidising agents reported é
in the Literature, only 1ead(IV) oxide 29and peroxydisulfate with silver
ion cctuylta" give appreciable perchlorate yields.

) tion of O te to Do te

Tour possidle mechanisms have been proposed for the anodie oxidation
of chlorate to perchlorate,

26'. Lenher, E. W. Stone, and E, B, Skinner, J, Am. Ohem, Soc, I,
143 (1922)

275, ¥. Bennett and B. L. Mack, Trans. Blectroches. Soc. 29, 323 (1916). 1
‘ 2%y, 2. Oechsli, Z. Blektroches. 9, 507 (1903).

29anrhardt (I1.¢. Farben), "Kalium Perchlorat", Department of Oommerce Office
of Technical Service P. B. Report Wo. 73283 Frames 503-7.

30Bennett and Mack®! obtained a 17.69% yield of perchlorate on boiling for

an hour a 5% sodium chlorate solution containing an excess of sodium
peroxydisulfate.




Disproportionation mechanism,

In the earliest mechanism proposed it was assumed that chlorate ion
discharge is the primary process, followed by the reaction of the discharged
radical with water to form chloric acid

2 0103 +2 & + H,0-p 2 ECl03 + O.

Because of the high chloric acid concentration, presumably existing at the
electrode, it dilproportionatoi to form nerchioric acid according to

2 HO107 «» HO10y + HOL0,
followed by

HOC10, # 0 -PHOJ.O}.
Arguments in favor of this mechanism and against the active oxygen theory
to follow are: (a) that perchlorate formation takes place less readily in
alkaline solution, nd.(b) that no perchlorate is obtained on treating
chlorate solutions directly with osone.
Active oxygen mechanisms. _

In the active oxygen mechanism it was proposed that the chlorate is
oxidiszed directly to perchlorate by active oxygen formed at the anode

30103 % 0 =¥ BO10y.

Argunents in favor of the active oxygen mechaniasm and against the
earlier mechanism ars as follows:

(a) At an iron anode perchlorate formation begins at a potential
far below that necessary for chlorate ion u.ucmcon ( 0.023 volts vs,
¥. 0, §,),

(b) Chlorate can be oxidised chemically to perchlorate under condi-
tions where the formation of free chlorate radicals is highly improdabdle.

(c¢) The free chlorous acid formed would react with the chloric acid

31z, p. Schoch, Phys. Chem. 1%, 735 (1910).
1




present evolving chlorine dioxide

30103 + H(’:'.I.O2 -> H,0 + 2 C10,
The evolution of chlorine dioxide has never been observed during this
process,

(4) There is no direct evidence that chlorous acid is formed when
strong chloric acid decomposes.

(o) The increase in the dissociation of water with rise in tempera-
ture is insufficient to account for the large decrease in efficiency with
rise in temperature, In the active oxygen theory the effect of tempera-
ture on perchlorate formation is due to a decrease in the active oxygen

concentration at the anode., Increasing the temperature decreases the active
oxygen concentration.
The Peroxide nochmin,u

This mechanism was proposed on the basis of a superficial similarity
between the prodﬁction of perchlorate and peroxydisulfate.

02010~ + 00102 = 0201 - 0 -0 - 010,
0201-0-_0,-0102+ 80800201-0-0-!
* 020108
001 - 0 - CH -9030103

The first reaction is analogous to the formation of peroxydisulfuric acid
02(0H)S - 0 = O - 8(CH)Op. The peroxide reacts with water in the second
ruc'tion and rearranges to a more stable form in the third equation. The
objections to the active oxygen mechanism in favor of the peroxide mechaniss
are;

(a) The decrease in efficiency with rise in toléontuo should fol-
low the decrease of overvoltage; however, this is not the case, In the
peroxide theory the effect of high temperature on decreasing perchlorate

yield is due to the increased rate of oxygen producing side reactions
8
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such as

2 c.‘l.o3 + Hx0= 2 30103-0' 0 -
and also on the fact that high temperatures increase hypochlorite and hy-
droxyl ion discharge owing to increased mobility,

(v) The active oxygen theory does not satisfactorily explain the
offect of alkalinity on efficiency.

(e) The oxidation of chlorate by active oxygen producing reagents
is inconclusive,

(4) According to the active oxygen theory the efficiency of perchlorate
formation should decrease with increasing curreat density. Actually the
efficiency increases with increasing current density., The active oxygen
produced at the anode is used up in the two reactions

20p 0

0 +4 0103— 010%
The former results in gaseous oxygen libderation and loss of efficiency,
while the latter results in perchlorate formation. During the electrolysis
of a chlorate solution the concentration of active oxygen on the anode
will be such as to make the velocities of the two reactions just sufficient
to account for all the oxygen discharged, Fow, if the current is increased,
the active oxygen concentration will increase until the two velocities
have risen sufficiently to balance the extra oxygen discharged. 8ince the
first reaction rate is proportional to the square of the active oxygen con-
centration it will increase to a greater oxtont‘ than the second reaction,

theredby decreasing the efficiency for perchlorate formation,

Additional suggestion,
The most reaent suggestion as to $he mechanism for perchlorate for.
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ration postulates an intermediate X at the anode surface’2, On the basis
of polarisation curves, at a platinum anode perchlorate formation takes
place at a h;ghor potential than that required for oxygen evolution, As
the anode potential is increased there appears an inflection in the polari-

sation curve at which point perchlorate formation begine.

Based on chemical and electrochemical studies, this work was under-
taken in order to provide a better understanding as to the mechanism by

which chlorate is oxidised to perchlorate at an anode surfacs,

!

32&. Ruis, J. Llopil and M, C, Servert, Anales real, soc. Olpln. fis. ¥y
quin. (Madria), _2- 455 (1953).
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EXPERIMENTAL DETAILS

Electrolytic Apparatus
Apparatus for the anodic oxidation of chlorate consisted of a 400

ml beaker containing an unglaged porcelain porous cup of 52 mm, diameter
and 100 mm, height which served as the anode compartment, In all elec-
trolysis experiments circulation of the anolyte was maintained by using
an air stirrer with a glass propeller.

Gold and platinum anodes comprised 1 cm. x 1 cm. sheets which were
fabricated froi 0.002 inch thick sheet metal., Each anode was provided with
& tuall tab to which a wire lead of the same material was connected by
folding the tab over the wire and pressing the tad securely against the
wire,

For the lead(lV) oxide ancde a 1 cm. x 1 cm, sheet of nickel was ’
slectroplated with lead(IV) oxide., The electrode had a stem 2 mm. wide
and 12 em, long, plated in the same way, which served as a support. A smooth
adherent oxide plate was obtained by electroplating for € hours at 30 degrees
C. and at a current density of approximately 5 milliamperes per el? The
electrolyte was prepared by dissolving lead(II) oxide in aquecus sodium
hydroxide and sodium potassium tartrate,3>

The graphite anode was prepared by coating National spectrographic
carbon rods, 3/16 inch diameter, with Ucilon (United Chromium :uf protective
coating material) with the exception of an area of 2 cn® The rod was inserted
into a tightly fitting Pyrex glass tube and cemented in place in such a

337. E. Mellquist, U. 8. Patent 1,595,675 (August 10, 1926).

11



way as to expcse the uncoated surface to the electrolyte,

Platinum cathodes, 1 cm, X 1 cm. were used in all experiments and
both the anodes and cathodes were supported by a glass bridge, In those
experiments using & current of 0.1 amperes the gquantity of electricity was
determined with a copper coulometer. In experiments using a higher current,
the quantity of electricity was calculated from the product of the current
and the time of electrolysis., Current was measurei with a Triplett model
420 ammeter, For the first six electrolysis experiments the current was
furnished by two 6 volt storate batteries connected in series. In subse-
quent experiments a 1 kw,, 28.5 volt DC gemerator was used.

All electrolysis experiments were done at 30 dogrou G.t 0.5 degrees
C. The anolyte comprised 100 ml. of solution and the catholyte, 150 =ml.
of 0.5 M sulfuric acid solution. In experiments in which the anolyte was
initially basic, 1 M sodium hydroxide solution was used in place of the
sulfuric acid.

Percent ylelds were calculated from the ratio of the number of moles
of perchlorate actually produced to the number of moles of perchlorate
theoretically obtained if all the availadble oxygen produced at the anode
went into perchlorate formatsion,

Chemical Oxidation BExperiments

In the initial experiments, the effects of various oxidising agents

on sodium chlorate were deterzined by testing for the presence of perchlorate

qualitatively with methylens blue. ZExperiments were done using 10 ml, of
aqueous 5 M sodium chlorate and 3.5 M sulfuric acid, Sufficient oxidising

12




agent was used theoretically to oxidize about one half of the chlorate to

perchlorate, The catalytic effect of various substances on the oxidation

of chlorate with peroxydisulfate was also determined. In each experiment

approximately one-half gram of proposed catalyst was added to the chlorate
solution, followed by addition of peroxydisulfate. Reactions were carried
out, with stirring, for 36 hours at a temperature of U0 degrees C,

In later experiments guantitative determinations of perchlorate were
carried out. For each oxidising agent at least two experiments were done,
one with 10 ml. of aqueous 3 M chloric acid and the other with 0.0lU7 moles
of solid sodium chlorate added to 10 ml. of § M sulfuric acid solution.

In one group of experiments the temperature was maintained at 30 degrees

C. while the oxidizing agent was added slowly and with stirring. Reaction
was allowed to continue for 48 hours. Other experiments were done at 65
degrees C. in 3 M chloric acid solution, the oxidising agent being added
after the solution had reached 65 degrees 0. An attempt to heat the sodium
chlorate-sulfuric acid mizture to 65 degrees C. resulted in violent de-
copposition, thus experiments using this mixture at that temperature were
discontinued, In order to avoid umdue evaporation of chloric acid, reaction
time at 65 degrees C. was limited to 24 hours., In all experiments the
chlorate was in excess of the oxidizing agent,

The yield of perchlorate was calculated from ths mumber of equiva-
lents of oxidising agent used. i'hou oxidisl ng agents which produced sig-
nificant amounts of perchlorate are listed in Tabdle 1, together with their
purity, method of analysis, and reduction product, In some cases a pre-
viously unopened bottle of a commercially available reagent was used and
the oxidation equivalent was calculated from the reported assay.

Chloric acid was prepared by slowly adding the stoichiometric quaatity

of 9 M sulfuric acid solution %0 concentrated, aquecus barium chlorate at
13
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room temperature with vigorous stirring. Small portions of sulfuric acid
or barium chlorate were added until the chloric acid contained a slight ex-
cess of barium ion. The precipitated barium sulfate was then removed by
centrifugation followed by filtration through a fine sintered-glass filter.
The filtrate was evaporated under vacuum at 40 degrees C. to give 3 ¥ chloric
acid, which was stored in an amber colored reagent bottle., Other reagents,
which were prepared by methods reported in the literature, were:
platinun(IV) oxide 1-hydrate®4, platinum(IV) oxide 4-hydrate3S, silver(1I)
oxide®5, nickel(III) oxide?, bismuth(IV) oxide®8, cobalt(III) oxi: o9,
uranium peroxide 2-hydrate?, barium ferrate(VI)4L, silver(Il) -dipyridyl
perchlora.te42. All other compounds were reagent grade chemicals and they

were used without further purification.

34n0rganic Synthesis®, collective Vol. 1, A. H. Blatt, Bd., John Wiley and
Sons, New York, 1941, p. 4863.

351, 0. Morgan and ¥, H. Philipp, Dept. of Chemistry, University of Texas,
Technical Report to the Office of Naval Research, Contract No. Nonr 375(04)
September, 1955. No. 5, p. 6. ' _

36'Inorganio Synthesis®, Vol. IV, J. C. Bailar, Jr., 4., McGraw-Hill Book Oo.,
Inc., New York, 1953, p. 12.

37y . ¥. Mellor, "Comprehensive Treatise on Inorganic and Theoretical Chem-

istry®*, Vol. 15, Longmans, Green and Co., New York, 1936, p. 398.
381.'2. Worsley and P. ¥. Robertson, J. Chem. Soc. (trans.) 117, 63 (1920).
Reference 37, Vol. 14, 1935, p. 589.
403, . watt, 8. L. Achorn and J. I. Marley, J. An. Chem. Soc., 73, 3341 (1950).
41;. 2. owp, V. 7. Wagner, J. X. Schreyer, Anal, Chem. 26, 1957 (1954).

436. A. Barbleri and A. Nalaguti, Atti. ac~ad. nasl. lLincei, Rend. classe
.e’-- 'fil.. uto ] uto. ﬁ 619 (1950)0
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Analytical Heagen.s and Methods

Qualitative determinations of perchlorate were carried out using
methylene blue reagont)ﬂ. which was prepared by mixing 0.1 ml, of 1,66
methylene blue solution with 25 ml. of 50% sinc sulfate solution.

Samples to be tested were first made basic with sodium hydroxide
in order to precipitate the cations; the insoluble materials were then re-
moved by centrifugation. In cases in which peroxydisulfate was used, the
solution was boiled for a few minutes to decompose the peroxydisulfate,
which interferes with the test, Before adding the methylene bdlue reagent
the samples were neutralized by addition of dilute sulfuric acid,

The test for perchlorate was carried out by adding 0.5 ml. of satu-
rated potassium nitrate solution and 15 ml., of methylene blue reagent to
1l ml. samples, The resulting solutions were stirred and allowed to stand
for 15 minutes before examinat ion., Perchlorate concentrations were estimated
by comparison of the te'st solutions with standard samples prepared in a
similar fashion,

A volumetric method was used in the quantitative determinations of
porchlontom‘ which involved determination of chlorate and total chlorate
and perchlorate, perchlorate concentration bdeing found by difference. In
the presence of perchlorate, the preferential reduction of chlorate to

chloride was accomplished with iron(II) culfstous in a dilute sulfuric acid

“3'. D, Snell and O, 2, 8nell, "Colorimetric Methods of Analysis*, Vol, 2,
D. Van Nostrand Co., Inc., New York, 1949, p- 720,

“‘nu Pennsylvania Salt Mfg. Co., Technical Report to the Office of Naval
Research, Contract Nonr 372(00), August 31, 1951, Part II, p. 51.

u5nocmo of the red coloration produced with iron(II) sulfate and the
dipyridyl complex the reduction of chlorate to chloride in these samples
was carried out with sodium hydrogen sulfite and a small amount of iron(1I)
sulfate, The addition of a 1little nitric acid to the reduced sample be-
fore titration completely eliminated the red color,

16




solution, Chlorate and perchlorate were reduced simultaneously to chloride
in a dilute sulfuric acid solution with titanium(III) sulfate and a small
amount of iron(Il) sulfate. Prior to analysis, interfering cations were
repoved by precipitation with sodium hydrcxide. In each case chloride was
determined volumetrically by the Volhard method,

Available oxygen in the various oxides was determined by thermal
docompocition%*. Oxygen evolved from decomposition of the oxide was swept
out of the reaction chamber with carbon dioxide which was then absorded in
concentrated potassium hydroxide solution, The oxygen volume was measured
in an inverted glass buret. The accuracy of the method was found to be

about 3% as determined using potassium chlorate as a standard,

l‘68. Altmann and R, H. Busch, Trans, Fareday 8oc., 45, 720 (1949).

17
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RESULTS

Electrolysis eriments

Experiments were done with smooth platinum and graphite anodes using
as electrolyte 0.5 M sodium chlorate solution, 1 M in sodium hydroxide or
0.5 K in sulfuric acid., In one set of experiments sodium fluoride was added
t0 the electrolyte in order to increase the anode potontnlu'?. The presence
of this material in the anolyte had little influence on the yield of per-
chlorate.

In acid electrolytes the graphite anodes disintegrated rapidly, es-
pecially at the higher current demnsities. As the electrode disintegrated
the current dropped; however, in experiments at 0.1 aumpere the current was
kept constant by regulation of the potential. In experiments carried out
at 0.5 amperes, the graphite anode disintegrated so rapidly that even though

the potential was increased to a maximum of 12 volts the final curreat dropped

to. 0,15 amperes. Ferchlorate ylelds, together with the electrolysis condi-
tions, are given in Table 2,

In order to reduce the number of different ions present in the elec-
trolyte, subsequent experiments were done using 1 M chloric acid solutioa
as the anolyte. TFor each of the four ancde materials tried, experiments
were carried out at curreats of 0.1 and 0.5 amperes, the number of Faradays
used being approximately equal. Results of these experiments are showm
in Tadble 3.

As was the case in previous experiments, the graphite slectrode dis.

integrated rapidly, especially at 0.5 amperes, and at the same time the

h‘[‘. Bickling and 8. R. Bichards, J. Ohem, .oé.. 256 (19%0).
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TABLE 2

Perchlorate yleld as a function of anode material and anolyte

composition, Current: 0.1 ampers; temperature: 30 degrees C.

Quantity Perchlorate Perchlorate
Anode Anolyte of curreat yield yield
(Faradays) (millimoles) (percent of
theoretical
Pt. (smooth) 0.5 M Na0l0; 0.0527 0 0
1.0 ¥ NaOH
0.5 ¥ Hal104
0.5 M E,80, 0.0527 15 55
0.5 M Na0103  0.0369 (trace) {3
1.0 } NaOE
0.5 M KaP
0.5 M Ka010, 0.0369
0.5 M Ho80y,
0.5 i Nar 10 54
Graphite 0.5 ) Na0l03-  0.0473 (trace) <3
1.0 M NaOH
0.5 i ¥a010
Graphite 0.5 i ¥a010y (trace) <3
1.0 i ¥a0H 0.03*
0.5 M Na0104
0.5 K Bo80), 0.03¢ (trace) {3

®Current Was initially 0.F amperes bdut dropped to a final value of 0.15

amperes

19
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TABLE 3

Perchlorate yield as a function of anode material and current density.

Temperature: 30 degrees C.; anolyte: 1 M H010; solution,

Current Quantity of  Perchlorate Perchlorate
Anode (amperes) electricity yield ' yield
(Paradays) (millimoles) (percent of
theoretical
Pt(smooth) 0.1 0.0579 2 1
0.5 040559 18 o4
0.5 0.0559 (trace) <3
0, 0.1 0.0579 0 0
0.5 0,0559 3 11
Graphite 0.5¢ 0.03 (trace) {3

*This figure represents the initial current, The current dropped to a
final valus of 0.15 amperes while the anode disintegrated rapidly.
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potential had to be increased in order to maintain constant current. 1In
experiments done at 0.5 amperes the graphite electrode disintegrated so
rapidly that it was impossible to prevent the current from dropping to 0,15
amperes, |

After electrolysis had proceeded for a short time a brown film formed
on the gold anode; however, the electrode remained intact throughout the
electrolysis. The 23ad(IV) oxide coated electrode held up quite well under
the conditions of electrolysis. There was a slight stripping off of the
oxide plate toward tho end of electrolysis at the higher current, neverthe-
less, the oxide covering was heavy enough to keep the nickel base well
covered throughout the experiment. Ko visidle film was seen on the plati-

nump electrode after electrolysis,

OChemical Oxidation eriments

The efficiency of some chemical oxidising agents for perchlorate
formation was determined under a variety of conditions, Qualitative experi-
ments showed that no perchlorate was produced by such strong oxidising
agents as potassium peroxydisulfate,silver(Il) oxide, and hydrogen peroxide
in an alkaline, concentrated, aqueous sodium chlorate solution, Thus,
the oxidation studies were limited to acid media.

Ohlorates are decomposed by strong acids with the formation of per-
chlorates, In order to distinguish between the perchlorate formed due to
the action of the acid alone from that produced by the oxidising agent,
experiments were done in which perchlorate yields were determined for asid
decomposition alone under conditions identical with those used in the sud-
sequent chemical oxidation experiments. In all chemical oxidation experi.
ments 10 ml. of solution was used, and vhere the addition of sodium chlorate
is indicated, the dry salt was added to 10 ml, of the acid solution. The

21
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amount of perchlorate produced from the decomposition of chlorates with
the aprropriate acids, together with the experimental conditions are shown
in Table 4,

Preliminary experiments were carried out in which perchlorate was
determined qualitatively with methylene blue reagent, Essentially no per.
chlorate was produced over a period of 24 hours iy the action on agueous
4.5 M sodium chlorate, 1.5 M in sulfuric acid, of potassium peroxydisul-
fate alone o‘r in conjunction with platinum(IV) oxide k_hydrate, platinum(1V)
oxide hydrate, platinum(powder), copper(Il) sulfate, cerium(IV) oxide, and
iron(I1I) oxide at 40 degrees C. In the absence of peroxydisulfate no per-
chlorate was produced when chlorate solution was treated with platinum(IV)
oxide 4-hydrate, platinum(IV) oxide hydrate, potassium periodate, and
sodium bismuthate, Perchlorate was produced with peroxydisulfate catalyzed
by silver ions.

Ir many cases the effectiveness of oxidising agents for the forma-
tion of perchlorate was determined quantitatively. Oxidising agents were
tested under three different sets of conditions: (a) with 10 ml, of 3 M
chloric acid solution at 30 degrees 0., (b) with 10 ml. of 3 M chloric
acid solution at 65 degrees 0., and (o) with a mixture of 47 millizmoles of
sodium chlorave and 10 ml. of 9 M sulfuric acid solution. Solutions were
first dbrought to the i:dicated temperature and ther the oxidising agent
was added slowly and with stirring, In experiments in which chlorate was
used with 9 M sulfuric acid, the mixture was stirred for abdout an hour de-
fore addition of the oxidiszing agent in order to dissolve as much of the
sodiun chlorate as possible, The perchlorate yields, together with con-
ditions under which the experiments were carried ous, are givea in Tadle 5,

Of the oxidising agents studied, lead(IV) oxide and potassium
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e .
.

2o o m—— . (o B o 200 TE W gt v WOy




e A

.

TABLE 4

Yield of perchlorate from the decomposition of chlorates with

acids,
¥s0103 Temperature Reaction Perchlorate
Acid added ( degrees C.) time 1eld
(millimoles) (hrs.) millimoles)
3 M HO104 ) 30 L4g )
65 24 (trace)
<€0.3
47 30 kg 0
9 M Ho80), 47 30 4g 1.8
15,6 M HNOg 47 30 Lg 2.3

23
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TABLE 5

The efficiency of some oxidizing agents on oxidation of chlorate
solutions to perchlorate. (A) 10 ml. 3 M HO103; temperature: 30 degrees
C.; reaction time: 48 hours, (B) 10 ml. 3 M HO105; temperature: 65 degrees
C.; remction time: 2l hours, () 10 ml. 9 ¥ Ho80y to which 47 millimoles
lw103 were added; temperature: 30 degrees C.; reaction time: 48-hours. ;

X s gk S o hy T o

Oxidising Conditions Total Perchlorate Perchlorate
agent ‘ oxidising yield ield
: agent (millimoles) percent of
theoretical)
Ag0 A 12,1 0.6 10
B 12,3 (trace) - é
24,3 1.9 p| |
Xo820¢
(0.15 M uo3) A 6.09 by T2
B 6.07 1.3 31
c 12,1 1. 12¢
Bi A 4,95 0 0
a B 4,96 0 ]
c 9.35 ¢ 245 27
NaB10 A 4,96 (trace) 3
> B k.97 0 <o
0 9.93 6.3 63
Oe(80y) A 5.1k 0 0
Wa ? 51k 0 0
e 15.5 3.0 39
Co A 9.08 0 0
it B 9.07 0 0
c 18.1 1.4 8e




TABLE 5

(continued)
Oxidising Conditions Total Perzhlorate Perchlorate
agent oxidizing yield yield
agen$ (nillimoles) (percent of
theoretical)
cr0 A 01 0 0
3 B 5.76 (trace) 3
xao:-,_o., c hfsa 1.8 13
Bal A 3.62 045 9
4 B 3.61 (trace) 3
c 6.95 (trace) 3
N1203 A 5.22 0.4 8
B 5.21 0.2 4
c 10,3 5.1 49
POy A 6,46 0 0
B 6.43 o 0
c 12.7 9.0 n
Ta 05 ; gl;g 0 g
., 0
c 6.80 1.8 26e
U0y.2 Ho0 A 6.06 0 0
B 6.09 0 0
e 12,1 (srace) 3
\/ A 6.06 0 0
2% B 6.12 0 0
(1] 12,1 (trace) 3
As(GBel2) 2(0104) ok 2,43 0 0
"B 1.78 0.19 -3

*Yield of poréhlonto equal to, or less than, that produced Dy the acid in the
absence of the oxidising agent.

*%silver(1I) ¢¢'dipyridyl perchlorate.
25
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TABLE 7

Yield of perchlorate on oxidation of chlorate solutions with lead(1IV)

oxia'e, reaction time: UB-hours for reactions at 30 degrees C, and 24_hours

for the reaction carried out at 65 degrees C.

Poo. Solution Temperature Perchlorate Perchlorate
(nignnolu) composition yield yield
(millimoles) (percent of
theoretical)
6.71 3 M HG104 30 0 0
b7 M l!a.(!lo3
6.70 3 M HC103
4.7 M ¥a0104 65 0 0
6.30 1.5 ¥ H80),
3 M Na010g 30 0 0
12,6 15.6 M ENO;
4.7 M ¥aC104 30 10 19

In order to determine the effect of acid concentration and tempera.

ture on perchlorate formation in which an unstable oxide is used as oxidising

agent, experiments were done in which perchlorate yields were determined

after oxidation of chlorate solutions with silver(Il) oxide,

Three experi.

monts were carried out in which the acid concentration was varied while

the chlorate concentration was kep

t constant,

27

A fourth experiment was done




under the same conditions as indicated in Table 5 under (C) with the excep-
tion that the temperature was maintained at O degrees C. instead of at 30

degrees C. The results of these experiments are shown in Table 8.

TABLE 8

Yields of perchlorate upon oxidation of chlorate solutions with
silver(ll) oxide, as a function of acid concentration and temperaturs;

reaction time: U8_hours.

Ag0 Solution Temperature Perchlorate Perchlorate
(millimoles) composition yield yield
(millimoles) (percent of
theoretical)
12,1 3 M ¥a0104 30 0 0
12,1 2 N ¥a0105
1 ¥ EO103 30 (trace) {3
12,1 1.5 ¥ NaG104
1.5 M HC103 30 0.4 7
22.8 c 0 2.3 20

Experiments wers done with silver(Il) obl’dipyridyl chlorate upon
the assumption that this compound may undergo self-oxidation with the for.
mation of perchlorate. An aqueous solution of ulnr(n)dl('dipyrtd;l
chlorate was prepared by replacing the nitric acid used in the preparation
of the silver(Ill) nitrate c:ompl.cu:l‘2 with the equivalent amount of chlorie

Y T




acid, The silver(II) Sfe(‘dipyridyl chlorate formed a deep red solution
similar in color to that" of the nitrate. The solution appeared to be sta-
ble at room temperature; however, vhen the solution was heated to 100 de-
grees C,, the red color faded. Upon addition of sodium hydroxide to the
solution, silver(I) oxide precipitated. Analysis of the clear supernatent

liquid for perchlorate showed that only a trace of perchlorate was

produced,
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CONCLUSIONS

The oxidation of chlorate ions to perchlorate ions according to the

equation
C103+ 1/2 0, = 010}

involves a negative free energy change of 8,75 kilocalories per nolo.us
From a thermodynamic point of view the oxidation should take place readily
with a number of oxidizing agents. In actual practice it takes place
only with a few strong oxidizing agents in acid media. In basic solutions,
such strong oxidising agents as peroxydisulfate, hypochlorite, silver(II)
oxide and even oloc.trolytic oxidation produce essentially no perchlorats.

In d.:l.lnto, acid solutions of chlorates (e.g. 3 M 30103) the only
reagent which produced high perchlorate yields was peroxydisulfate in the
presence of li].".r ions. In more concentrated acid solutions of chlorate
(e.g. Na0103 1n 9 M H;80),) effective oxidizing agents were lead(IV) oxide,
sodium bismuthate(V), and nickel(III) oxide, while some perchlorate was
formed in cerium(IV) sulfate solutions.

Certain similarities may be seen between conditions favorable %o
electrolytic and to chemical oxidation of agueous chlorates, In the elec-
trolysis of chlorate solutions the highest ylelds of perchlorate are od.
tained in acid electrolytes and at low temperatures. In chemical oxida-

tion experiments it was shown that the same factors which favor high per-

chlorate ylelds in the electrolytic process also resulted in high perchlorate

l"81'1'00 energy values were obtained from "Handbook of Chemistry and Physics",
Thirty-first Bdition, Chemical Rubbder Publishing 0o., Oleveland, Ohio,
¢. D. nmg ld.. P 1538.
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yields in chemical oxidation experiments. The effect of low tempera.

ture in favoring perchlorate formation was clearly demonstrated dy the oxi.

dation of 3 M chloric acid solution with peroxydisulfate in the presence

of silver ions. At 30 degrees 0. the yield was 72 percent while at 65

degrees C, under otherwise identical conditions, the yield was only 31 per.

cent,

It is supposed that the mechanism for the electrolytic formation
of perchlorates involves an unusually high valence oxide which forms on
the anode surface. In the highly acid conditions existing at the anode
surface the oxide is unstable and reacts similarly to higher oxides in
chemical oxidation experiments. It is expected that anode materials with
which an oxide of that type cannot be formed (e.g. 2014 and graphite) no
perchlorate is formed, High current densities required for oxidation of
chlorate solutions at lead(IV) oxide electrodes prodably reflected the
necessity for highor acid concentrations in those cases, which was pro-
vided by the greated concentration polarization and enhanced hydroxyl ion
discharge. In the case of the platinum anode an oxide is formed on the
surface which is less stable than that of lead and thus requires a lower
acid concentration, just as in chemical oxidation experiments silver(II)
oxide required a lower acid concentration to oxidise chlorate to perchlo-
rate than did lead(IV) oxide.

Oxygen evolution at the pla.tir;um slectrode has been attriduted to
the formation and decomposition of platinum(IV) oxide under anodic polari-
zation conditions existing at that oloctrodoug. In chlorate solutions,

increase of current density and electrode potential deyond that required

R TP 2

495, 2, S. I1 Wakkad snd S. H, Emara, J. Chem. Soc. 461 (1952).
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for oxygen evolution leads to increased oxidation of chlorate and relatively
lower yields of gaseous oxygen. The observations may be explained most
easily by proposing that an unstable platinum(VI) oxide is formed under
those conditions which does not decompose to form oxygen in the presence

of chlorate ions, but rather forms an intermediate with chlorate ions,

which may re-dissociate, or alternatively break down into platinum(IV),
oxide and perchlorate ions,

In acid solutions it is expected that platinum(VI) oxide does not
form at high temperatures, and in basic solutions the relatively stadble
perplatinate(VI) is most likely to be formed instead of the 0xide.7° Those
expectations are compatidle with the experimental facts regarding chlorate
oxidation at the platinum anode.

The postulate of a higher oxide intermediate circumvents certain
difficulties inherent in earlier theories: (1) no peroxides are involved,
and (2) active oxygen is not presumed to be the active oxidisging agent,
Qualitative tests showed that no peroxides were formed at any time during
electrolysis of simple chlorate solutions, nor did any of the peroxides
used as oxidants lead to the formation of perchlorate, so that mechanisas
based on poroxide species are implausible., OConditions which should lead
to production of large amounts of "active oxygen" (e.g., anodic oxidation
at a gold electrode) are not necessarily favorable to perchlorate formation,
Furthermore, neither the active oxygen theory not the peroxide theory ex-

Plains satisfactorily the behavior of the system with respect to temperature.

0L, Wohler and F. Martin, Ber. 42, 3326 (1909)..




Ceriun(IV) sulfate appears to be an anomaly, It should be remembered,

however, that species in concentrated cerium(IV) sulfate solutions are

quite complex and not well known, so that formation of perchlorate in such

solutions cannot be used as evidence either for or against the mechanism
proposed,
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